Activation of the innate immune system results in a rapid microbicidal response against microorganisms, which needs to be fine-tuned because uncontrolled immune responses can lead to infection and cancer, as well as conditions such as Crohn disease, atherosclerosis, and Alzheimer disease. Here we report that excessive activity of the conserved FOXO transcription factor DAF-16 enhances susceptibility to bacterial infections in Caenorhabditis elegans. We found that increased temperature activates not only DAF-16 nuclear import but also a control mechanism involved in DAF-16 nuclear export. The nuclear export of DAF-16 requires heat shock transcription factor HSF-1 and Hsp70/HSP-1. Furthermore, we show that increased expression of the water channel Aquoporin-1 is responsible for the deleterious consequences of excessive DAF-16-mediated immune response. These studies reveal a stress-inducible mechanism involved in the regulation of DAF-16 and indicate that uncontrolled DAF-16 activity and water homeostasis are a cause of the deleterious effects of excessive immune responses.
The inflammatory response is a physiological process that takes place in the presence of a variety of noxious stimuli, including bacterial infections. A hallmark of inflammation is the increased tissue permeability, which allows components of the innate immune system to execute an inflammatory response at the site of infection. In addition to cellular immune effectors, humoral factors such as antimicrobial peptides, lysozymes, and reactive oxygen species accumulate at the site of infection to control invading microorganisms. Whereas this myriad of immune effectors plays a key role in the control of infections, they have the potential to damage host tissues. To provide insights into the mechanisms by which excessive immune responses may be deleterious to an infected host, we have taken advantage of the simple innate immune system of the genetically tractable nematode Caenorhabditis elegans.
Dauer formation abnormal (DAF) 2 -16 is a key FOXO transcription factor that controls innate immunity in C. elegans (1) (2) (3) . DAF-16 is closely related to mammalian FOXO3a, which has been linked to inflammation in response to infection (4, 5) . Like FOXO3a, the activity of DAF-16 is tightly regulated by a wide variety of external stimuli such as nutrients, oxidative stress, and heat stress (6 -9) . The activity of DAF-16 is tightly controlled at the level of subcellular localization and posttranslational modifications of the protein, including phosphorylation (7, 8, 10, 11) . The presence of such tight control suggests that there may be a stress-inducible mechanism that prevents the deleterious consequences of a hyperactive DAF-16.
Here we studied the effect of hyperactivation of DAF-16 in the context of C. elegans immunity. We found that while DAF-16 overexpression protects C. elegans from bacterial infections, its excessive activation has deleterious effects. Even though increased temperature promotes DAF-16 nuclear import, it also turns on a control mechanism that promotes DAF-16 nuclear export. The nuclear export of DAF-16 requires heat shock transcription factor HSF-1 and its transcriptional target Hsp70/HSP-1. Hyperactivation of DAF-16 by increased temperature or lack of nuclear export enhances C. elegans susceptibility to bacterial infections. Further studies indicate that increased expression of the water channel Aquaporin is responsible for the deleterious effects of excessive DAF-16-mediated immune response. (12) , Pseudomonas aeruginosa-strain PA14 (13) , Salmonella enterica strain 1344 (14) Yersinia pestis strain KIM5 (15) , and Staphylococcus aureus MSSA476 (16) were used. C. elegans strains utilized were wild-type N2, TJ356-daf-16::gfp (zIs356 (pDAF-16::DAF-16-GFP;rol-6)), and daf-2(e1370). daf-2(e1370);daf-16::gfp animals were created by crossing daf-2 (e1370) males with zIs356 hermaphrodites.
EXPERIMENTAL PROCEDURES

Bacterial and Nematode Strains-Escherichia coli OP50
C. elegans Survival Assay-C. elegans strains were maintained as hermaphrodites at 20 or 15°C, grown on modified NG agar plates, and fed with E. coli strain OP50. P. aeruginosa, S. enterica, and S. aureus cultures were grown in Luria-Bertani (LB) at 37°C overnight. Y. pestis cultures were grown in LB medium at room temperature overnight. Bacterial lawns used for C. elegans killing assays were prepared by spreading 20 l of an overnight culture of the bacterial strains on modified NGM (nematode growth medium) agar plates (50 mM NaCl, and 0.35% peptone) in 3.5-cm diameter plates. Plates were incubated at 25°C for 12 h before seeding them with young adult nematodes grown at 20°C. The killing assays were performed at 20°C unless otherwise indicated, and animals were scored and transferred once to twice a day to fresh plates. Animals were considered dead when they failed to respond to touch.
To test the effect of osmolarity on survival, modified NGM plates with 200 and 300 mM NaCl were prepared and used in survival assays. For cadmium survival assays, NGM plates containing 100 M CdCl 2 were prepared and used for seeding E. coli OP50. Worms were transferred to these plates after heat shock and scored for survival at 20°C every day.
RNA Interference-We used the RNA interference technique to generate loss-of-function RNAi phenotypes by feeding worms with E. coli expressing double-stranded RNA that is homologous to a target gene. Briefly, E. coli strain HT115(DE3) harboring the appropriate vectors were grown in LB broth containing ampicillin (100 g/ml) and tetracycline (10 g/ml) at 37°C overnight. Bacteria were plated onto NGM plates containing 100 g/ml ampicillin and 5 mM isopropyl ␤-D-thiogalactoside and were allowed to grow overnight at 37°C.
Gravid adults were allowed to lay eggs on RNAi expressing lawns of bacteria for 5 h. The eggs were allowed to develop into young adults on RNAi or vector control plates at 20°C. Because hsp-1 RNAi causes larval arrest, worms were exposed to hsp-1 RNAi beginning from L4 stage for 2 days. Animals grown under these conditions were heat-shock treated or untreated (20°C) and subsequently used for microscopy or transferred to pathogen plates for survival assays. Bacteria strains expressing double-stranded RNA to inactivate the C. elegans genes were obtained from Wellcome/CR and Open Biosystems. The identity of the clones was confirmed by sequencing.
Heat Shock Treatment-Animals on NGM plates were given heat shock at 35°C in a water bath for 1 h and either used directly for protein preparation or allowed to recover at 20°C for 4 h before exposure to pathogen. As a control, animals on NGM plates were maintained at 20°C before exposure to pathogen or for microscopy.
Statistical Analyses-Animal survival was plotted as a nonlinear regression curve using the PRISM (version 4.00) computer program. Survival curves are considered significantly different than the control when p values are Ͻ0.05. Prism uses the product limit or Kaplan-Meier method to calculate survival fractions and the logrank test, which is equivalent to the Mantel-Heanszel test, to compare survival curves.
Quantitative Real-time PCR-Gravid daf-16::gfp nematodes were lysed using a solution of sodium hydroxide and bleach, washed, and the eggs were synchronized for 22 h in S basal liquid medium at room temperature. Synchronized L1 animals were placed onto NGM plates seeded with E. coli OP50 and grown until young adult stage (3 days at 20°C). The nematodes were untreated or subjected to heat shock at 35°C for 1 h followed by recovery for 4 h at 20°C and then harvested. The animals were harvested by washing the plates with M9 buffer, and RNA extracted using TRizol reagent. Genomic DNA was removed by treating the RNA samples with DNase using the DNA-free kit according to manufacturer's instruction (Ambion). qRT-PCR was conducted using the Applied Biosystems TaqMan One-Step Real-time PCR protocol using SYBR Green fluorescence (Applied Biosystems) on an Applied Biosystems 7900HT real-time PCR machine in 96-well plate format. Fifty nanograms of RNA were used for real-time PCR. Twenty microliter reactions were set-up in three replicates and performed as outlined by the manufacturer (Applied Biosystems). daf-16::gfp animals were heat shock treated and allowed to recover for 4 h. Total RNA was isolated from control and heat-shocked animals and subjected to RT-PCR analysis for aquaporin transcripts. Gene expression for three independent isolations of control nematodes were compared with three heat shock-treated nematodes using the comparative Ct method after normalization to act-1,-3,-4 (pan-actin) (17) . Primer sequences are available upon request.
Nuclear Extract Preparation-Synchronized daf-16::gfp young adult nematodes were collected from 16 -20 10-cm NGM agar plates and washed in M9 buffer. The nuclear extract was prepared in a manner similar to the protocol described in Ref. 18 . After washing, the animals with extract buffer (10 mM HEPES, pH 7.1; 5 mM MgCl 2 , 2 mM dithiothreitol, 10% glycerol, and protease inhibitors), they were resuspended in 0.5 volumes of extract buffer. The suspension was dripped into liquid N 2 , and the resulting balls were ground in a mortar. The powder was thawed on ice and sheared using a Dounce homogenizer (30 strokes, pistol B). Crude extracts were subsequently centrifuged for 5 min at 1,000 ϫ g to obtain a soluble fraction and a pellet. The pellet or crude nuclear fraction was washed twice with extract buffer and solubilized in 200 l of 2ϫ Laemmli buffer. Protein in the supernatant or crude cytosol were precipitated using ice-cold acetone and solubilized in 600 l of 2ϫ Laemmli buffer. 20 l of nuclear (N) and cytosolic (C) fractions were subjected to SDS-PAGE and Western blotting. Lamin B was used as marker for nuclear fraction and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for cytosol. Bio-Rad Quantity One software was used for densitometry scan and analysis of Western blots. The optical density values for cytosolic fraction were multiplied by 3 to normalize the values for equivalent loading in nuclear and cytosolic fraction (Fig. 4 , B and C).
Immunological Detection of Proteins-Whole worm lysates were prepared in presence of protease inhibitors. Antibody to Hsp70/HSP-1 was obtained from Stressgen Biotechnology (Cat. spa 810). Actin was detected using a polyclonal antibody from Sigma. Antibodies to GAPDH, DAF-16, and lamin B were obtained from Cell Signaling, Santa Cruz Biotechnology, and AbCam, respectively.
RESULTS
Hyperactivation of DAF-16 by Heat Shock Makes C. elegans
Susceptible to Pathogen Infection-Increased temperature is an ancient immune mechanism used by metazoans in response to microbial infections. Whereas only homeothermic animals are capable of internally increasing the body temperature in response to infections, both homeotherms and poikilotherms develop behavioral fever in response to infection-like conditions such as those stimulated by injections of LPS (19) . Using the nematode C. elegans, it has been demonstrated that heatshock boosts innate immunity against bacteria through the activation of HSF-1 (2). In addition, DAF-16-overexpressing animals (8), which carry additional daf-16::gfp gene copies, were found to be resistant to pathogen infection (2) . To study the effect on immune response of combined DAF-16 overexpression and heat shock in C. elegans, wild-type and daf-16::gfp animals were either left untreated or heat shocked at 35°C for 1 h, they then recovered at 20°C for 4 h, and were afterward exposed to the human opportunistic pathogen P. aeruginosa strain PA14. As shown in Fig. 1A , heat shock-treated daf-16::gfp animals were more susceptible to P. aeruginosa-mediated killing than non-heat-treated animals. As previously shown (2), heat shock alone enhanced the resistance to P. aeruginosa-mediated killing of wild-type animals (Fig. 1B) .
Heat shock treatment of daf-16::gfp animals also increased their susceptibility to Gram-negative pathogens Y. pestis, S. enterica and Gram-positive pathogen S. aureus (supplemental Fig. S1 , A-C), indicating that overexpression of DAF-16 together with heat shock has deleterious effects on C. elegans resistance to infections by pathogens in general. To address whether combined DAF-16 overexpression and heat shock affects responses not only to pathogen infection but also to general environmental insults, we used cadmium as a heavy metal general stressor. Fig. 1C shows that heat-shock treatment did not affect the susceptibility to cadmium of daf-16::gfp animals. Interestingly, while the combination of higher DAF-16 activity and heat shock has a deleterious effect on immune response to pathogen infection, it has a beneficial effect on response to cadmium exposure (Fig. 1C) . These results indicate that higher DAF-16 activity combined with heat shock does not make the animals sickly and susceptible to any environmental insult.
Because heat shock enhances susceptibility to pathogen-mediated killing of daf-16::gfp animals, we hypothesized that other conditions that hyperactivate DAF-16 may also enhance susceptibility to P. aeruginosa. Insulin-like growth factor receptor, DAF-2, has been shown to suppress activation of DAF-16 through AKT pathway (8) . It has also been shown that daf-2 mutation causes activation of DAF-16 and nuclear accumulation of DAF-16 (7) . As shown in Fig.  1D , daf-2(e1370);daf-16::gfp animals were more susceptible to P. aeruginosa than daf-16::gfp animals alone, providing further support to the idea that continued nuclear accumulation of DAF-16 has deleterious effects on immune responses against pathogen infections. These results suggest that extended nuclear accumulation of DAF-16 by either heat-shock or daf-2 mutation enhances C. elegans susceptibility to pathogen-mediated killing and that prompt nuclear export is an important mechanism to control the activity of DAF-16.
RNAi Inhibition of hsf-1 Delays Nuclear Export of DAF-16 after Heat Shock-We have previously shown that the enhanced resistance to P. aeruginosa of daf-16::gfp animals is suppressed by RNAi-mediated inhibition of hsf-1 (2). Inhibition of hsf-1 results in the suppression of a system of chaperones required for C. elegans innate immunity (2). It is also possible that RNAi-mediated inhibition of hsf-1 causes heat-shock like conditions that result in an extended nuclear accumulation of DAF-16 and subsequent susceptibility to pathogen-mediated killing. To address whether HSF-1 plays a role in the activation and nuclear accumulation of DAF-16, the nuclear export of DAF-16 in hsf-1 RNAi animals was studied.
DAF-16::GFP is distributed throughout the nucleus and the cytoplasm in all tissues. As previously reported (8) , when the animals are subjected to heat shock at 35°C for 1 h, almost complete nuclear translocation of DAF-16 is observed (Fig. 2A) . The animals were monitored during recovery, and the status of DAF-16 localization was categorized as cytosolic, intermediate, or nuclear (20) , as indicated in Fig. 2C . As shown in Fig. 2B , hsf-1 RNAi delayed the nuclear export of DAF-16 during recovery from heat shock. hsf-1 RNAi animals displayed more nuclear or intermediate DAF-16 phenotype at 6 and 24 h of recovery, relative to vector control (Fig. 2C) . These results show that the nuclear export of DAF-16 is delayed in the absence of HSF-1 and that an HSF-1-mediated mechanism might promote the nuclear export of DAF-16. These results also suggest that the suppression of the enhanced resistance to P. aeruginosa of daf-16::gfp animals by RNAi-mediated inhibition of HSF-1 may FIGURE 1. Heat shock treatment of daf-16::gfp animals increases their susceptibility to P. aeruginosa. A, heatshocked and non-treated daf-16::gfp animals were exposed to P. aeruginosa (p Ͻ 0.0001). B, heat-shocked and non-treated wild-type N2 animals were exposed to P. aeruginosa (p Ͻ 0.0001). C, heat-shocked and non-treated daf-16::gfp animals were seeded on agar plates containing 100 M CdCl 2 and E. coli (p Ͻ 0.0001). D, daf-16::gfp, and daf-2 (e1370);daf-16::gfp animals were exposed to P. aeruginosa (p ϭ 0.0042). Survival assays were performed as described under "Experimental Procedures." The logrank test, which is equivalent to the Mantel-Heanszel test, was used to compare survival curves. Shown are representative assays of more than six independent experiments (A and B) or two independent experiments (C and D). n ϭ 100 adult nematodes per strain.
be due, at least in part, to the toxic effect of hyperactivation of DAF-16.
Hsp70-encoding Gene hsp-1 Is Required for Nuclear Export of DAF-16-Because HSF-1 is responsible for transcriptional upregulation of HSPs during heat shock and other stresses, we examined the potential involvement of HSPs in the nuclear export of DAF-16. RNAi was used to inhibit the expression of cytosolic HSPs corresponding to Hsp70, Hsp90, Hsp110, and four small Hsps. Hsp90/DAF-21, Hsp110, or small heat shock proteins were not found to play a significant effect on DAF-16 export (Table 1) .
C. elegans has six full-length cytosolic Hsp70-encoding genes (21) . Out of four cytosolic Hsp70-encoding genes that were inhibited by RNAi using available clones (22) , only hsp-1 was found to be required for export of DAF-16 (Table 1) . RNAi knockdown of other three cytosolic Hsp70-encoding genes (F44E5.4, F44E5.5, and C12C8.1) had little or no effect on DAF-16 export. We verified the specificity of RNAi clones by sequencing. BLAT analysis on Hsp70 RNAi clones showed no significant similarity, ruling out the possibility of cross RNAi.
The effect of hsp-1 RNAi knockdown on DAF-16 export was comparable to that of hsf-1 RNAi knockdown (Figs. 3B and 2B) . hsp-1 RNAi animals also exhibit delayed export of DAF-16 at 6 and 24 h of recovery from heat shock (Fig. 3D) . We also found that hsp-1 RNAi knockdown caused intermediate level of nuclear accumulation of DAF-16 during larval development compared with vector control (Fig. 3C) . Taken together, these results indicate that HSP-1 may be required for DAF-16 export during normal physiological conditions, such as larval development, as well as during recovery from heat stress.
HSP-1 has a putative NES signal starting at amino acid position 397 and an EEVD motif at extreme C terminus, which is a hallmark for cytosolic HSP-70 proteins (Fig. 4B) . However, it lacks an apparent nuclear localization signal. Thus, it is unknown whether HSP-1 is either present in the nuclei under control conditions or that it translocates to the nucleus during heat shock to play its role in DAF-16 nuclear export. To distinguish between these two possibilities, we analyzed the subcellular localization of HSP-1 before heat shock, at the end of heat shock, and after recovery. Using a subcellular fractionation method, we prepared nuclear and cytosolic fractions from daf-16::gfp animals and performed Western blots. Consistent with the imaging data shown in Fig. 2 , most of DAF-16 was present in the nuclear fraction at the end of heat shock (Fig. 4A, lanes 3 and 4) and became redistributed to the cytosol during recovery (Fig. 4A, lanes 5 and 6 and B) . Consistent with its role in DAF-16 nuclear export, HSP-1 was found to be present in both nuclear and cytosolic fractions before heat shock (Fig. 4A, lanes 1 and 2) . In addition, HSP-1 was induced and found to be predominantly nuclear after heat shock (Fig. 4A, lanes 3 and 4; and C) . Because no direct interaction between HSP-1 and DAF-16 could be detected by immunoprecipitation (not shown), currently it is not known whether HSP-1 interacts directly or indirectly with DAF-16 during export.
Aquaporin-1 Is Responsible for Susceptibility to P. aeruginosa-mediated Killing Caused by DAF-16 Hyperactivation-
DAF-16 is involved in the transcriptional regulation of a large number of genes that play a role in longevity, stress response, and innate immunity (23, 24) . Because activity of DAF-16 is tightly controlled, it is conceivable that hyperactivation of DAF-16 may lead to build-up of some of its transcriptional targets, which could cause deleterious effects on animals exposed to pathogens. To study whether DAF-16-regulated genes are responsible for the enhanced susceptibility to P. aeruginosa-mediated killing caused by DAF-16 hyperactivation, we used RNAi to inhibit DAF-16-up-regulated genes that are also known to be responsive to P. aeruginosa infection (25, 26) . As shown in Fig. 5A, aqp-1 RNAi rescues the enhanced susceptibility to P. aeruginosa-mediated killing of heat-shocked daf-16::gfp animals. RNAi-mediated inhibition of other three DAF-16-dependent genes also involved in response to P. aeruginosa (mtl-1, spp-1 and cyp34A9) had no effect on the survival of heat-shocked daf-16::gfp animals (Fig. 5, B-D) . None of these genes have an effect on the susceptibility to P. aerugi- nosa-mediated killing of daf-16::gfp or wild-type animals under control (non-heat-shocked) conditions (data not shown).
Aquaporins are tetrameric membrane channel proteins expressed predominantly on plasma membranes, which are permeable to water and other solutes like urea and glycerol (27) . They are present in all cellular organisms and regulate tissue water homeostasis in the kidney, brain, lungs, intestine in mammals (27) . AQP-1 is expressed in the intestinal cells of C. elegans, it belongs to the aquaglyceroporin subfamily, and it shows significant permeability to glycerol and water (28) . Decreased aqp-1 expression during P. aeruginosa infection (25, 26) suggests a role for AQP-1 in water homeostasis in C. elegans response to infections. The lack of suppression of the deleterious effect of hyperactivation of DAF-16 by aqp-1 RNAi in uninfected animals (supplemental Fig. S2) , further supports the idea that water homeostasis in the intestinal cells is crucial for an appropriate immune response. The intestine of C. elegans is a primary interface between the immune system and potential bacterial pathogens. In addition, several known effectors of the C. elegans immune system are expressed in the intestinal cells (25, 26, 29 -32) .
To test the hypothesis that aqp-1 up-regulation is a cause of the deleterious effects of DAF-16 hyperactivity, we used quantitative real-time polymerase chain reaction (qRT-PCR) to compare the expression levels of aqp-1 of daf-16::gfp animals to that of heat-shocked daf-16::gfp animals. Fig. 5E shows that aqp-1 mRNA was significantly up-regulated 4 h after heat shock relative to control animals. The level of aqp-1 up-regulation by increased temperature is within the range of transcriptional up-regulation of aquaporin genes (1.5-4.5-fold) by treatment with high NaCl, ionomycin, and interleukin-1␤ in mammalian cell lines (33, 34) .
Up-regulation of aqp-1 by heat shock suggests that animals might be under an osmotic imbalance because of the presence of a larger number of water channels on the intestinal cells. Indeed, expression of AQP-1 in heterologous Xenopus oocytes increases water uptake and swelling (28) . We reasoned that water homeostasis imbalance caused by the up-regulation of water channels could be corrected by changing the osmolarity or ionic strength of exogenous medium. As shown in Fig. 5F , the use of modified agar plates with high NaCl concentrations to increase osmolarity rescues the enhanced susceptibility to P. aeruginosa-mediated killing because of hyperactivation of DAF-16 by heat shock. However, increased salt concentration does not protect wild-type animals from P. aeruginosa-mediated killing (supplemental Fig. S3 ). This indicates that a high concentration of salt does not rescue the enhanced susceptibility to P. aeruginosa-mediated killing of daf-16::gfp animals by reducing bacterial virulence.
DISCUSSION
Innate immunity comprises a variety of defense mechanisms against infections. C. elegans possesses a number of antibacterial factors and lectin-like proteins, which have the potential to act in recognition and clearance of microbes (29, 35, 36) . In addition, C. elegans produces ROS species and lysozymes against invading microbes (29, 37) . These immune effectors have also been shown to be controlled by conserved mechanisms including p38 MAPK, heat-shock factor, GATA and FOXO transcription factors (1, 2, 25, 26, 30, 38 -40) .
DAF-16 is a key FOXO transcription factor that controls innate immunity in C. elegans (1) (2) (3) . DAF-16 activity is tightly regulated through the activity of different proteins, including AKT/PKB kinases, JNK MAPK, and histone deacetylase (7, 11, 20) . Transient activation of endogenous DAF-16 by heat shock or DAF-16 overexpression appears to increase resistance to pathogens (2) . To study the effect of excessive DAF-16 activity in the context of C. elegans immunity, we used different conditions that hyperactivate DAF-16. The hyperactivation of DAF-16 was achieved by overexpression of DAF-16 combined with its activation through either heat shock or daf-2 mutation. Even though DAF-16 overexpression is not physiological, it allows us to study the effects of excessive DAF-16 in the context of an infected animal. The results show that hyperactivation of DAF-16 by either heat shock or lack of DAF-2-mediated inhibition results in an increased susceptibility to pathogens, suggesting that continued DAF-16-mediated immune response has deleterious effects on an infected host. The lack of toxicity to cadmium caused by DAF-16 hyperactivity indicates that the activation of overexpressed DAF-16 does not cause general toxicity and that it specifically affects responses against bacterial infections.
The increased susceptibility to bacterial infections caused by DAF-16 hyperactivation is at least partly mediated through up-regulation of AQP-1, a water channel expressed in the intestinal cells of C. elegans. The intestine is the primary site of pathogen accumulation, secretion of antimicrobial factors, and likely also fluid uptake. C. elegans possesses 12 genes that encode aquaporins. Based on the permeability properties and tissue distribution, it is possible that in addition to AQP-1, other aquaporins also play a role in water homeostasis and pathogen susceptibility. C. elegans AQP-1, AQP-2, AQP-3, AQP-7, and AQP-8 belong to the aquaglyceroporin subfamily and show significant permeability to glycerol and water. Interestingly, at least two of the aquaporins, AQP-1 and AQP-3, are expressed in the C. elegans intestine, which is likely involved in water absorption and homeostasis. It would be very interesting to examine whether other aquaglyceroporins, especially intestinally expressed AQP-3, are either regulated by DAF-16 or whether their RNAi-mediated inhibition could rescue the enhanced susceptibility to pathogens caused by DAF-16 hyperactivity. The contribution of water deregulation on enhanced susceptibility to pathogens is supported by the protective effect of hypertonic medium. It is possible that the protection by hypertonic medium is mediated by increased production of osmoprotectants such as trehalose, which is induced under hypertonic conditions (41) . The C. elegans gene encoding trehalose synthase is DAF-16-dependent and is responsible for the increased resistance to osmotic stress of PI3K mutants (41) . Increase in osmoprotectants may compensate for increased levels of aquaporins and rescue the enhanced susceptibility to pathogens caused by DAF-16 hyperactivity. It is also possible that the hypertonic medium activates other pathways that may decrease DAF-16 activity.
This study suggests that deregulated water homeostasis is partly responsible for enhanced susceptibility. At this point, we cannot rule out the possibility that some of the deleterious effects of DAF-16 hyperactivity are a consequence of excessive ROS and/or other unidentified immune mediators capable of causing tissue damage. It is also possible that cells are damaged by deregulated water homeostasis or are otherwise unable to FIGURE 5. aqp-1 RNAi rescues the susceptibility to P. aeruginosa-mediated killing caused by DAF-16 hyperactivation. A, heat-shocked daf-16::gfp animals, grown on vector or aqp-1 RNAi, were exposed to P. aeruginosa (p Ͻ 0.0001). B, heat-shocked daf-16::gfp animals, grown on vector or CYP34A9 RNAi, were exposed to P. aeruginosa (p ϭ 0.2554). C, heat-shocked daf-16::gfp animals, grown on vector or mtl-1 RNAi, were exposed to P. aeruginosa (p ϭ 0.7101). D, heat-shocked daf-16::gfp animals, grown on vector or spp-1 RNAi, were exposed to P. aeruginosa (p ϭ 0.2924). E, quantitative real time-PCR analysis of aqp-1 in control versus heat shocked daf-16::gfp animals. Data were analyzed by normalization to pan-actin (act-1,-3,-4) and relative quantification using the comparative cycle threshold method. Bar graphs correspond to mean Ϯ S.D. (p ϭ 0.0015; n ϭ 4). F, heat-shocked daf-16::gfp animals were exposed to P. aeruginosa on agar plates containing 50 mM NaCl or 200 mM NaCl (p ϭ 0.0004). Survival assays were performed as described under "Experimental Procedures." The logrank test, which is equivalent to the Mantel-Heanszel test, was used to compare survival curves. Shown are representative assays of three independent experiments (A-D), four independent experiments (E), and two independent experiments (F). n ϭ 80 -100 adult nematodes per strain.
mount an effective immune response against bacterial infections. Interestingly, our results indicate that nematodes have devised their own control mechanism involving HSF-1 and Hsp70/HSP-1 to control DAF-16 activity by promoting its nuclear export after a transient activation.
In summary, our findings reveal an important role for HSF-1 and its transcriptional target Hsp70/HSP-1 in the regulation of the nuclear activity of DAF-16. The demonstration that increased temperature activates not only DAF-16 but also the expression of Hsp70/HSP-1, which controls DAF-16 activity by promoting its nuclear export, provides insights into a mechanism involved in the control of FOXO transcription factors. Finally, the results indicating that excessive DAF-16 activity may increase susceptibility to bacterial infections by altering water homeostasis caused by up-regulation of aqp-1 provide a molecular explanation for the deleterious effects of inflammation.
